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EXPERIMENTAL, INVESTIGATION OF TWO-STAGE ATR-COOLED TURBINE
SUITABLE FOR FLIGHT AT MACH 2.5*

By Harold J. Schum, Donald A. Petrash, and Robert R. Nunamaker

SUMMARY oo N é

The over-all component performance characteristics of an experimental
two-stage turbine, designed to power a turbojet engine suitable for a
£light Mach number of 2.5, were determined for a range of speed and pres-
sure ratio at inlet conditions of 35 inches of mercury absolute and 700°
R. Because of the high design turbine-inlet temperature (2500° R), the
rotor blades were designed for air-cooling, the air being effused from
the blade tips and into the main turbine alrstream. A second phase of
the experimental program was therefore conducted at the design equivalent
speed and over a range of pressure ratio, in which the turbine perform-
ance was evaluated with various amounts of cooling air being effused from
the first- or second-stage-rotor blade tips, or both.

For the uncooled turbine, the brake internal efficiency at equlva-
lent design speed and work was 0.922. The corresponding equivalent tur-
bine weight flow was 3 percent greater than the design value of 42.88
pounds per second, mainly because the turbine was designed for an addi-
tional 4-percent cooling airflow. In general, the turbine yielded high
efficiencies over a wide range of equivalent speed and pressure ratio.
Turbine limiting loading was not attained, although it was approached at
high speeds and high pressure ratios.

When cooling air was employed at the equivalent design speed, the
turbine efficiency decreased with increasing amounts of air effusion
from either rotor blade row. This decrease was greater when the second
stage was individually cooled than when the first stage was cooled, for
correspeonding coolant-flow ratios, indicating that the second stage
extracted some work from that air effused from the first-stage-rotor
blade tips. At the rating pressure ratio (3.07) at which design work
was obtained at the equivalent design speed, and with the design coolant-
flow ratio of 2 percent for each rotor, results indicate that turbine

efficiency would be no less than 0.303. p

*Title, Unclassified.
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INTRODUCTION

Considerable research effort has been expended by the NACA and NASA
during the past several years on the study of problems arising in turbo-
jet engines for supersonic flight speeds. The basic problem is that of
obtaining required engine thrust with minimum weight, drag, and specific
fuel consumption at design flight speeds. It is also required that the
engine develop required thrust at takeoff conditions. The turbine re-
guirements of one such powerplant have been analyzed for an axial-flow
turbojet engine suitable for a flight Mach number of 2.5. A free-stream
velocity-diagram study of this turbine is presented in reference 1, and
a description of the methods employed in designing the blading for this
turbine is presented in reference Z. The turbine evolved for this appli-
cation was a two-stage turbine operated at an inlet temperature of 2500°
R. As discussed in the references, the combination of high turbine-inlet
temperature and tip speed requires that the turbine be coocled. The air-
cooled-turbine configuration that was considered feasible for this appli-
cation required 2 percent of the compressor airflow for cooling each
turbine rotor stage (ref. 1).

The net effect on multistage-turbine performance of rotor blade
coolant effusion is unknown. It is possible that the coolant flow may
disturb the main gas stream so that the aerodynamic performance of the
blades may be lowered. Conversely, this cooling air may cause an effec-
tive reduction in the tip clearances by partially filling the clearance
spaces, and hence the turbine performance may be improved. Also, the
air effused from the first stage of a multistage turbine provides a
potential additional measure of shaft work when permitted to expand to
the turbine downstream measuring station. The net effect on the effi-
ciency of an air-ccoled turbine must therefore be determined experimen-
tally, and little experimental data are available. Some single-stage
cooled-turbine investigations (refs. 3 to 5) have been reported in which
the turbine efficiency was found to be not seriously affected by coolant
airflows less than about 3 or 4 percent of the main gas stream. A search
of the literature, however, indicates that no experimental results on
air-cooled multistage turbines have been obtailned.

From the analyses presented in references 1 and 2, a full-scale
cold-air two-stage model of the air-cooled turbine was fabricated and
investigated experimentally. Provisions were incorporated for air-
cooling the rotor blades, the coolant flow being effused from the rotor
blade tips and into the main gas stream. Blading throat areas were
adjusted to accommodate this coolant flow. This report presents the
over-all performance of this turbine both with and without blade coolant
air.

The performance characteristics of the two-stage research turbine
were obtained at a constant inlet stagnation pressure of 35 inches of

290 =5
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mercury absolute and an inlet temperature of 700° R over a range of
pressure ratios. The performance data with no rotor blade cooling were
obtained for a range of equivalent speeds, whereas the data obtained
with varying amounts of air effusion from the first- and/or second-stage-
roior plades were iimited to the equivalent design speed. A tabulation
of pertinent turbine parameters is appended for the convenience of those
interested in more detailed analyses.

APPARATUS

The velocity-diagram analysis and the method employed to design the
blading for the subject turbine are discussed in references 1 and 2,
respectively. Dimensions of the turbine are presented in reference 1,
and reference Z includes tables of blade coordinates for each of the
four blade rows. Briefly, the first-stage stator has a constant hub

diameter of 19% inches and a tip diameter of 28 inches. The flow passage

then diverges through the subsequent blade rows, as shown in figure 1,
to a hub diameter of l7%-inches and a tip diameter of 30 inches. The

first stage of the turbine was designed to produce 58 percent of the
total turbine work, and the second stage 42 percent. The turbine had
41 first-stage-stator blades, 64 first-stage-rotor blades, 85 second-
stage-stator blades, and 50 second-stage-rotor blades.

The sea-level design conditions and the design equivalent conditions
for the subject experimental turbine are as follows:

Turbine design Turbine equivalent
conditions (ref. 1) | design conditions
Work, Btu/lb ’ 147.1 31.50
Weight flow, 1b/sec 176.5 42.88
Rotational speed, rgg 9375 4338
Inlet temperature, 2500 518.7
Inlet pressure, in. Hg abs 278.1 29.92

In order to determine the equivalent design conditions for this
turbine, the variation in the ratio of specific heats from the design
turbine inlet temperature to standard atmospheric temperature should be
considered. An approximate method of determining the equivalent design
conditions was used in this particular investigation. This method is
based on the critical velocity determined from the turbine-inlet stagna-
tion temperature and an average equilibrium value of Yy of the flow
through the turbine. Symbols are defined in appendix A, and derivation
of the method is presented in appendix B.
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A photograph of the turbine rotor is shown in figure 2. A closeup
view of the rotor blade tips, showing the slotted blade tip configura-
tions, is presented in figure 3. The slots for the coolant-air effusion
were sized to permit a maximum coolant flow of about 8 percent of the
equivalent design turbine weight flow. Actually, however, the coolant-
flow requirement for each rotor stage was only 2 percent of the compres-
sor airflow.

The turbine test facility is shown in figure 4. The facility was,
in general, similar to that used for other full-scale turbine investiga-
tions and is described in reference 6. Airflow to the turbine was sup-
plied by the laboratory combustion air system. The air was then throt-
tled by means of butterfly valves to the desired turbine test inlet
pressure of 35 inches of mercury absolute. A portion of this air was
heated by two commercial jet-engine burners and permitted to reenter the
main air supply. By regulating the amount of bypassed air and the fuel
flow to the burners, the air temperature to the turbine could be main-
tained at the desired value of 700° R. This heated air was then directed
into two pipes, entering a plenum chamber through two dlametrically
opposed pipes. Screens were located 1n this plenum to remove foreign
particles from the air and to minimize pressure imbalance. The air was
then turned, passing through an annular corrugated-type flow straightener
and another screen and through the turbine blading, and was finally dis-
charged into the laboratory exhaust system (see fig. 1).

Coolant air for both the first- and second-stage rotors was simi-
larly supplied by the laboratory combustion-air system through two sepa-
rate systems that were independent of the main turbine air supply. Each
coolant supply line was equipped with its own orifice metering system
(see fig. 4). The coolant air then passed through flexible hoses to the
turbine tailcone section and into separate toroidal-shaped collectors,
from which the air passed through four divided tailcone struts, into
hollow turbine rotor shafting, through the turbine rotor disks and
blades, and was finally discharged from the blade tips into the main
turbine gas stream. The complex path of the coolant airflows through
the turbine proper can 2lso be seen in figure 1. The amount of coolant
flow to each rotor blade row was regulated by valves located downstream
of their respective orifice measuring stations. Labyrinth seals (see
fig. 1) were used to minimize air leakage between the tailcone chamber
and the hollow turbine shafts. The radial clearance between the blade
tips and the turbine casing was approximately 0.040 inch for each stage.

The pressure ratio across the turbine was varied by butterfly
throttle valves located in the exhaust ducting. Turbine power output
was absorbed by two cradled electrical dynamometers connected in tandem.
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INSTRUMENTATTION

The turbine airflow measurement and the two rotor blade coolant
2irflow measurements were made with ASME flat-pliate orifices located in
their respective air supply pipes. Each orifice was calibrated against
sonic flow nozzles. Fuel flow was metered by a calibrated rotameter
located in the fuel supply line, and the turbine airflow was corrected
for this fuel addition. Turbine torque output was measured by means of
a calibrated NACA-developed balanced-diaphragm thrustmeter. Turbine
rotative speed was measured by use of an electric chronometric

tachometer.

Measurements of temperature, total pressure, and static pressure
were made in the axial locations shown in figure 1. Turbine-inlet tem-
perature was measured with 20 iron-constantan thermocouples, arranged
five to a rake, the thermocouples being located on centers of equal
annular areas and rakes being spaced 90° apart around the annulus.
Three Kiel-type total-pressure probes that were also located at the
inlet measuring station were used during the turbine tests to establish
the desired turbine-inlet pressure. §Six static-pressure taps on both
the inner and outer walls were located around the annulus at the inlet
measuring station as well as at all the other measuring stations (sta-
tions 2 to 6, fig. 1).

The turbine-outlet measuring station (station 6, fig. 1), located
about 1 blade chord downstream of the second-stage rotor, was instrumented
similarly to station 1. In addition to the thermocouples and the
static-pressure taps, five combination total-pressure - flow-angle probes
were also installed around the casing circumference.

The precision of the test measurements to determine the performance
of the subject research turbine is estimated to be within the following
limits:

Temperature, R v i e et e e e e e e e e e e e e e e e e e e e . #l.0
Pressure, in. Hg abs . « - ¢ + « ¢ « ¢ + ¢« o = = ¢« o s « +» = « « $0.05
Alr weight flow, percent . « « « « ¢ ¢ ¢« ¢« ¢ ¢« ¢ ¢ o o+ « = « «» #1.0
Rotor speed, percent . ¢« « « ¢ ¢« = ¢ s 4 4 o e s e s e o o o« . 0.5
Torque, Percent « v o v ¢ v o « v o + o o « o e s s s e s -« . o 0.5
Flow angle, A8 « « « = s = = o s s + s o s s o« s o o « = o o+ o« F2.0

The cumulative effect on calculated turbine efficiency, from measurements
of the foregoing precision, is a maximum error of +2.0 percent at equiva-
lent design conditions. Because of the lack of scatter in the data ob-
tained, however, it is felt that the error in efficiency is considerably
less than 2 percent.




o0e
[ XA RN ]
L]

L]
XX N X ]
*

L]

[ A XX X ]
L]
(XX )
o000
L]

(X ]
[ X N

[ XXX}
-

METHODS AND PROCEDURE

The turbine was operated with nominal values of inlet pressure and
temperature of 35 inches of mercury absolute and 700° R, respectively.
Turbine performance was evaluated on the basis of calculated values of
turbine-inlet and -outlet total pressures (measuring stations 1 and 6,
fig. 1). The following equation to calculate these total pressures was
derived from the energy equation, the continuity equation, the equation
of state, and the isentropic relation between pressure and temperature:

r-1
W 21’
L&L .
P = =+ = 1
¢ Jep, cosap

The static pressure p wused in this equation is the arithmetical average
of the 12 hub and tip static pressures measured at either the inlet or
outlet measuring station considered. The total temperature T was
determined by averaging the 20 corresponding thermocouple readings and
correcting these readings for Mach number. The flow area A is the
annular area at the particular measuring station considered. The flow
direction at the turbine-inlet measuring station is considered axial

(B = 0). At the turbine exit, the flow angle was computed as the numeri-
cal average of the five angle readings of the combination total-pressure -
angle probes. These angle readings were then plotted and faired against
the ratio of measured inlet total pressure to measured outlet total pres-
sure. These faired wvalues of flow angle were used in calculating the
turbine-outlet total pressure.

The weight-flow term w in equation (1) is considered to be the
actual flow through the turbine proper (wp) when calculating the inlet
total pressure (measuring station 1) for both the uncooled- and the
cooled-turbine investigations. The same wp 1s used to calculate the

turbine-outlet total pressure (measuring station 6) for the uncooled-

turbine performance tests. When calculating the outlet total pressure
for the cooled turbine, however, the weight-flow term in equation (1)

includes the coolant flow (w = wp + W)

Turbine performance as presented herein is based on a "rating" total
pressure at the turbine outlet (measuring station 6), defined as the
static pressure at the outlet measuring station plus the velocity pres-
sure corresponding to the axial component of the absclute velocity leaving
the turbine blading. This outlet rating total pressure can be stated in
equation form as
T
T-1

7 [ (cos Bl |° (2)

L

XA
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where the Mach number term Mg is obtained from the ratio of the average

static pressure at the outlet measuring station to the total pressure at
the same measuring station, the latter being a calculated value as ob-
tained from equation (1), using the tables of reference 7. Turbine
rating total-pressure ratio, then, is defined as Pc,l/Px,G'

The over-all performance of the two-stage turbine with no cooling
air was obtained over a range of over-all rating total-pressure ratio
P, 1/Py. g from 1.3 to 4.4 and over a speed range from 60 to 120 percent

2 2

of the equivalent design speed N/A/ecr p- The ideal turbine eguivalent
b4

work was based on the outlet rating total pressure, the inlet calculated
total pressure, and the inlet total temperature. The actual equivalent
work was determined from torque, speed, and turbine weight-flow measure-
ments. Experimental values of equivalent torgue F/ST and equivalent

weight flow WTA/ch,T/ST were plotted against the turbine over-all

rating total-pressure ratio. Then, for even increments of rating total-
pressure ratios, values of torque and weight flow for the various rotor
speeds were used to calculate the turbine performance map. Pertinent
data for this phase of the investigation are tabulated in table I.

The investigation to determine the over-all turbine performance with
air-cooling was limited to the equivalent design speed. The turbine was
operated with a nominal total-pressure ratio imposed across the turbine,
and cooling air was admitted to each of the two rotor blade rows inde-
pendently as well as simultaneously. The coolant-air welght flow was
varied from about 3 to 8 percent of the turbine weight flow when cooling
of a single rotor row was employed. Two sets of runs were required for
each nominal total-pressure ratio, because two different sized orifices
were necessary to cover the coolant-flow range. When both rotors used
cooling air, the second-stage-rotor coolant flow was at the maximum
attainable, and the first-rotor coolant flow was varied within the afore-
mentioned limits. Data were obtained over a range of turbine rating
total-pressure ratio for all three different rotor cooling configuratioms.

The method used to rate the uncooled turbine is to express the
adiabatic efficiency of the expansion process of the air through the tur-
bine as a ratio of the useful shaft output to the ideal adiabatic work
available, as determined from the change in air state from turbine-inlet
to -exit conditicns. The introduction of coclant airflow into the tur-
Pine main stream adds other work terms, because the shaft output is no
longer dependent solely on the turbine-inlet air weight flow. The cool-
ing air for the subject turbine is introduced at or near the centerline
of the turbine. Some work is done on this air in going from the rotor
axis to the blade tips, and then the cooling air may produce some useful
shaft work in expanding from its state at the rotor blade tips to the
turbine-outlet measuring station. The coolant flow is herein considered
as expanding from the state conditions at (or near) the turbine axis of
rotation to the turbine-exit rating conditions.
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The efficiency of the cooled turbine is expressed as the ratio of
the shaft output to the ideal work output available for both the turbine
weight flow and the coolant-air weight flow in expanding from their
respective inlet states to that at the turbine outlet. This express1on
then includes net work terms of the coolant air that could be either
positive or negative and thus represents an over-all or machine efficiency
of the turbine, whereas for the uncooled turbine the efficiency is merely
that of the expansion process c¢f the primary air Wipe Cooled-turbine
efficiency expressions derived in the appendix C for the three cooling
configurations utilized, as well as for the uncooled turbine, are sum-~
marized as follows:

Uncooled-turbine efficiency:
2n N I'/&p
607\ A/6cr,T J\ "I A/ Ocr, T/ BT

ip = P -1
X,6\7T

ey (518.7)|1 - | ==

Pc,l

Efficiency for first-stage-rotor cooling only:

(c1z)

)
60J \ A/ Ocr, 7 ) \WT AN Bcr, /T

o1 = V-1 T
P s W T P T
cp (518.7) {1 - <§§L§> a, (1) a%(l) AN 5 x,6 )
¢, 1 T 1,T a;(l))%
' (C13)
For second-stage-rotor cooling only:
2x ( N )( T'/&p )
= 60T\ A/Ocr,T J\WTA bcr,T/8T )
T]T)II Y"l Y_l
Pr,6) " wa,(2) Ta,(2),8 %6 \ '
ey (518.7) ({1 - 5 + == 2 - (2
X, 1 T 1,T a,(B),(i
Cl4)

For simultaneous first- and second-stage-rotor cooling:

ﬂg
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¥-1 u T-1]
cp (518.7) [1_(&5)Y]+“_a:_(}).£a;_£_l_)_&l_( Fx,6 ) ]+"a,(2) _a,jz)J_S[ (_x,e__)—r]
) L g,

N Pa,'(l)y l a,(2) &,

T Tip T Tyr

()]

In the preceding cooled-turbine efficiency equations, Ty (l) E and.

FR]

P R, P 411, P e d - e

represent the temperature of the o1
Ta,(2),q <P P

co
rear of the turbine shaft (see figs. 1 and ) d where the cooling-air
inlet state is considered. .

The corresponding coocling-air inlet pressure was not measured in
the experimental investigations and was therefore calculated as follows.
The relation between the cooling-alr equivalent weight flow
Waﬂ/ecr,a,t 5a,t and the ratio of statie to total pressure across the

blade tips was established for each rotor stage from a static flow check
prior to the turbine experimental investigations. In the cooled-turbine
tests the total temperature inside the rotor tip was obtained from the
observed coolant-air supply temperature and the kinetic-energy input of
the rotor. This can be expressed in equation form as

2
U

Ta,t = Ta,g * 7T )
The static pressure outside the rotor blade row was obtalned for all
cooled-turbine data points from the numerical average of the tip wall
static pressures before and after the rotor row considered. The total
pressure inside the rotor blade tips could then be obtained by iteration
so that the cooling-air equivalent weight flow Waﬁ/ecr’a’t/ﬁa,t and

the statie- to total-pressure ratio across the blade tips were compatible
with the static flow calibration. With the total pressure and tempera-
ture of the cooling air known in the rotor blade tip, and with the tem-
perature known at (or near) the cooling-air entry to the turbine rotor
shafts, the cooling-air entry pressure Pa,Q, was computed by assuming

an adiabatic compression efficiency of 0.80. Subsequent calculations
have proved that this efficiency does not play an important role in the
obtained over-all turbine efficiency, mainly because of the small ratios
of coolant to turbine air weight flow (hereinafter called "coolant-flow
ratio") used in the tests.

In the aforementioned cooling-air temperature calculations (eg. (3)),
no consideration of the effect of heat transfer from the mainstream flow
to the cooling airflow is included. It is felt that in these cold-air
tests any effect of heat transfer would be insignificant and hence could
be neglected.
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For each nominal total-pressure ratio across the turbine, and for
each of the three types of cooling employed, the following parameters
were calculated (when applicable):

I LA "er,T %6
8T 6T Pc,l
T Wazgl} PXZG
a) (l) WT Pa’ (l)
T Va,(2) Px,6
a,(Z) WT Pa,(Z)

For each type of rotor cooling, pertinent performance parameters were
plotted against the coolant-flow ratio, and the data were faired. Then,
for even percentage increments of this coolant-flow ratio, the faired
values of these parameters were read and a turbine efficiency was cal-
culated from the appropriate eqguation from the set defined by equations
(c12) to (Cl4). The cooled-turbine performance is presented herein in
terms of turbine efficiency as a function of turbine over-all rating
total-pressure ratio.

For the convenience of the reader who may be interested in more
detailed analyses of the air-cooled turbine, pertinent cooled-turbine
data are presented in table IT.

RESULTS AND DISCUSSION

The results of the experimental investigation of the subject two-
stage air-cooled turblne, designed for use in a turbojet engine to power
an airplane at a cruise Mach number of 2.5, are discussed in two phases.
First, the over-all turbine performance of the uncooled turbine is dis-
cussed; and secondly, the turbine performance results obtained at the
design equivalent speed and with various amounts of cooling-ailr effusion
from the first- and/or second-stage rotors are discussed.

Uncooled-Turbine Performance

The over-all performance of the uncooled turbine is presented in
figure 5 as a composite map, in terms of equivalent shaft work AH/Gcr,T

and an equivalent weight-flow - speed parameter (wTN/605T)€ for lines
of constant rating total-pressure ratio P, l/PX,G and equivalent rotor
2
speed N 6 .
P / cr,T
based on the rating total-pressure ratio, are also included. The

-

Contours of constant brake internal efficiency n,

LV ALY RS v g
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equivalent design work and speed are indicated by point A in figure 5,
whereas equivalent design work and weight-flow -~ speed parameter are
indicated by point B. Comparison of the abscissa values at these two
points shows that the turbine used 3 percent more than equivalent design
weight flow. This excess weight flow can be attributed to the fact that
the turbine was designed and fabricated to handle an additional total of
4-percent coolant flow (2 percent through each rotor blade row). The
equivalent design opcrating point (point A) cccurred at a pressure ratio
of about 3.07, with a corresponding efficiency value of about 0.922.

The turbine exhibited high efficiencies over a broad range of both speed
and pressure ratio. The maximum effieiency obtained was 0.940, at 120
percent of the equivalent design speed and at a rating total-pressure
ratio of about 3.50.

The variation of equivalent torgue (F/ST)e and of equivalent weight
flow (WT"/ecr,T/ST)e with rating total-pressure ratio for the equivalent

speeds investigated is presented in figures 6 and 7, respectively. Data
from the faired curves of these two figures were read at selected incre-
ments of pressure ratio, and these data were used to calculate the per-
formance map shown in figure 5. The equivalent-torque curves (fig. 6)
show that, for the range of conditions investigated, values of torque
continually increase with increasing pressure ratio, indicating that
limiting blade loading in the last rotor was not reached. Limiting
loading is defined as that point where changes in total-pressure ratio
result in no additional change in torgue output. That limiting loading
was being approached, however, can be noted by cbserving the diminishing
slopes of the curves in the high-speed, high-pressure-ratio range. Here,
large increases in pressure ratio result in relatively small increase in
torque output.

The equivalent-weight-flow curve (fig. 7) indicates that, above an
over-all rating total-pressure ratio of 3.2, the turbine was choked for
all values of equivalent speed investigated. However, the choking weight
flow decreased with increasing rotor speeds, indicating that at pressure
ratios above 3.2 the first-stage stator was not choking. The choking
must have occurred, then, in one of the downstream blade rows.

Cooled-Turbine Performance

The performance results of the two-stage alr-cooled-turbine inves-
tigation are presented in terms of a turbine efficiency as a function of
the turbine over-all rating total-pressure ratio for various amounts of
coolant-air weight flow and for the equivalent design speed. These
results are compared with those obtained from the over-all turbine per-
formance map at the corresponding speed with no alr-cooling. Turbine
performances with first-stage-rotor coolant flow, with second-stage-rotor
coolant flow, and with both rotors cooled, are discussed in order.

A
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First-stage-rotor cooling. - The efficiency of the turbine with air
effusion from the first-stage rotor, as calculated from equation (ClS),
is presented in figure 8 for various values of coolant-flow ratio ranging
from 3 to 8 percent. It is immediately apparent that, over the range of
rating total-pressure ratio and coolant-flow ratio investigated, the
trends of the curves parallel closely those obtained for the turbine
with no cooling airflow. Also, the cooled-turbine efficiency consist-
ently decreased as the coolant-flow ratio was increased. At the rating
pressure ratio at which equivalent design work was obtalned at the equiv-
alent design speed (about 3.07 as determined from point A of fig. 5), an
efficiency decrease of 0.066 occurred as the coolant-flow ratio was
increased from O to 8 percent (see fig. 8). It will be noted, however,
that at this turbine operating point the addition of 3-percent coolant
flow resulted in an efficiency decrease of only 0.01l.

Second-stage-rotor cooling. - The effect on over-all turbine effi-
clency with air effusion from the second-stage-rotor blade tips is
presented in figure 9 in the same manner as used for the first-stage
cooled -turbine performance presentation. The efficiency shown in figure
9 was computed from equation (Cl4). The curves in figure 9 exhibit the
same characteristics observed for first-stage-rotor cooling (fig. 8).
Although the maximum coolant-flow ratio attainable was 7 percent over
most of the rating-pressure-ratio range investigated, as compared with
8 percent for the first-stage cooled-turbine study, comparison of corre-
sponding curves for the two types of cooling indicates that a greater
decrease in efficiency occurred when the second stage was cooled. This
can be explained by the fact that, when first-stage cooling was employed,
some work was extracted from this coolant air by the second stage of the
turbine. At the design operating point (a rating pressure ratio of
about 3.07), and at the minimum coolant-~flow ratio investigated (3 per-
cent), a decrease of 0.021 in turbine efficiency occurred as compared
with zero coolant flow. This compares with a decrease of 0.011 in tur-
bine efficiency noted for first-stage cooling at corresponding turbine
operating conditions.

First- and second-stage-rotor cooling. - Before the results obtained
with cooling-air effusion from both the first- and second-stage-rotor

blade tips are discussed, it should be reiterated that, in order to facil-

itate and shorten the experimental test program, the coolant-flow ratio
for the second stage was the maximum obtainable (about 7 percent) and
the first-stage coolant-flow ratio was varied. Over the range of rating
total-pressure ratio investigated, a 7-percent coolant-flow ratio through
the first stage was the maximum attainable. When the first stage was
independently cooled, the maximum coolant-flow ratio was 8 percent over
the same pressure-ratio range. This decrease was probably a result of
this coolant flow choking the turbine in the latter blade rows. That
the turbine equivalent weight flow decreased as coolant weight flow was
increased can be noted from the data tabulation for the cooled-turbine
investigation shown in table IT.

L
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The efficiency for the turbine with cooling-air effusion from both
rotor rows is shown in figure 10, as calculated from equation (C15).
Referring to figure 10, the change in efficiency with cooling airflow
Liwough bullh Tobors is considerably grcater thanm that cbeoorved when cocl-
ing air was admitted to the individual rotors. Again, comparison of the
efficiency of the uncooled turbine at the design operating point (rating
pressure ratio of 3.07) with that obtained with maximum cooling airflow
through both rotors (about 7 percent each) shows a loss in efficiency of
about 0.087.

Comparison of cooling-air configurations. - Figure 11 compares the
effect of cooling-air effusion on turbine efficiency for the various
cooling configurations investigated. Efficiencies obtained at the design
operating rating total-pressure ratio (3.07) and shown in figures 8 to
10 are cross-plotted in figure 11 as a function of coolant-flow ratio.
Where both stages utilized cooling air, the abscissa of figure 11 rep-
resents the total coolant-flow ratio, the second-stage coolant-flow ratio
being constant at about 7 percent.

Figure 11 shows that, when either the first stage or the second stage
employed ailr-cooling, the turbine efficiency decreased as the amount of
coolant flow, or coolant-flow ratio, was increased. Air-cooling of the
second stage resulted in a greater efficiency loss than that of the first
stage at corresponding coolant-~flow ratios. It is apparent from this
figure that the decrease in efficiency of the individual stages is not
additive to result in the curve representing the simultaneous cooling of
both turbine stages. For a 7-percent coolant-flow ratio individually
applied to the first- and second-stage rotors, the corresponding effi-
cilency decreases were 0.054 and 0.071, respectively. When the two stages
were simultaneously cooled with 7-percent coolant-flow ratios, represent-
ing a total coolant-flow ratio of 14 percent, a net decrease in turbine
efficiency of only 0.086 resulted. This, plus the fact that the effi-
ciency decrease for the second stage is greater than that for the first
stage at corresponding coclant-flow ratios, indicates that the second
stage of the turbine extracted some work output from that air effused
from the first stage of the turbine. It is recognized also that some
additional shaft work may be extracted by the same rotor blade row from
which the cooling air is being effused. No effort was made herein to
isolate the second-stage work recovery from the first-stage coolant air,
this phase being considered beyond the scope of the report. Only the
over-all net work of the turbine, as measured on the test stand as shaft
output, was used to rate the subject turbine.

The curve in figure 11 for simultaneous cooling of both stages indi-
cates a consistent decrease in efficiency with inecreases of total coolant-
flow ratio. Remembering that the second stage was operated with a con-
stant coolant-flow ratio of about 7 percent, it is interesting to note
that addition of coolant flow to the first-stage rotor actually increased
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the turbine efficiency over a portion of the range of coolant-flow ratio
investigated. Consider a 7-percent coolant-flow ratio to the second
stage, where the efficiency was 0.851l. With addition of a 3-percent
coolant-flow ratico to the first-stage rotor, making a total coolant-flow
ratio of 10 percent, the turbine efficiency was actually raised to 0.873,
an increase of 0.022. In other words, when both turbine rotor stages
were cooled, the second stage operating with a 7~percent coolant~flow
ratio, there was a range of cooled-turbine operation where added first-
stage coolant flow actually improved turbine efficiency. It was only

‘when 5% percent or more coolant-flow ratic was added to the first stage

(representing a total coolant-flow ratio of about 12.5 percent or more)
that the efficiency was found to decrease to values less than obtained
with a 7-percent coolant-flow ratio to the second stage only. Again,
this can be attributed to additional work output of the second stage as
affected by the first-stage coolant flow. It should be remembered, how-
ever, that the values of coolant-flow ratio discussed are considerably
greater than the design values of 2 percent for each rotor row.

Turbine performance with design coolant flow. - Most of the fore-
going cooled-turbine discussion has centered about the experimental
results obtained with a minimum coolant-flow ratio of 3 percent. Both
rotors, however, were designed for only a 2-percent coolant-flow ratio
(ref. 2). Reference to figure 11 for an interpolated coolant-flow ratio
of 2 percent shows that a loss in efficiency of 0.006 occurred with first-
stage cooling, and the corresponding loss with second-stage cooling was
0.013. Although it has been pointed out that the turbine efficiency
losses for the individual stages are not additive, it can be expected
that, with design coolant flow through each rotor, the net over-all effi-
ciency (as defined herein) would decrease somewhat less than 0.019. In
other words, for an uncooled-turbine efficiency of 0.922, as obtained
from the performance map at the equivalent design speed and a rating
total-pressure ratio of 3.07, the corresponding turbine efficiency with
design coolant flow to each rotor would be no less than 0.903. Although
the turbine design operating point may shift slightly with these small
amounts of coolant flow, it is felt that this effect on turbine efficiency
would be small because of the relatively wide range of efficient turbine
operation at or near the uncooled-turbine design point.

In conclusion, it can be said that, at the design operating point
for the subject two-stage turbine, the turbine efficiency as defined
herein was not seriously affected when the unit employed design coolant-
air effusion simultaneously from both rotor blade rows. This finding
corroborates the results observed in the single-stage air-cooled-turbine
investigations reported in references 3 to o.

77~
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SIMMARY OF RESULTS

An experimental two-stage turbine, designed to power a turbojet
engine anitable for a flight Mach nimher of 2.5, was investigated over a
range of equivalent speed and rating total-pressure ratio with inlet
conditions of 35 inches of mercury absolute and 700° R. The rotor blades
were designed for air-cooling, and a second experimental investigation
was conducted at the equivaient desigu speed and over a range of pressure
ratio with varying amounts of air effusion from the first- and/or second -~
stage-rotor blade tips.

From the turbine performance investigation with no cooling air, the
following results were obtained:

1. At equivalent design speed and work, the turbine efficiency was
0.922, occurring at a rating total-pressure ratio of about 3.07. The
corresponding turbine equivalent weight flow was 3 percent greater than
the design value of 42.88 pounds per second. This excess weight flow
could be expected, however, since the turbine was designed for an addi-
tional total coolant flow of 4 percent.

2. A maximum efficiency of 0.940 was obtained at 120 percent of
equivalent design speed and at a rating total-pressure ratio of about
3. 50.

3. The turbine exhibited high efficiency over a wide range of equiv-
alent speed and over-all pressure ratio.

4. Turbine limiting loading was approached but not reached over the
range of speed and pressure ratio investigated.

From the cooled-turbine performance investigation, the following
results were obtained:

1. Turbine efficiency decreased with increasing amounts of coolant-
air effusion from either the first- or second-stage-rotor blade rows and
over the range of rating total-pressure ratio investigated.

2. The efficiency decrease was greater when the second stage was
individually cooled than when the first stage was individually cooled,
indicating that the second stage utilized some of the energy of the air
effused from the first-stage rotor.

3. With a 7-percent coolant-flow ratio through the second-stage

rotor, an increase in turbine efficiency was noted with additional first-
stage-rotor coolant-flow ratios up to about 5% percent.
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4. At the total-pressure ratio corresponding to equivalent design
work and speed (3.07), with the design coolant-flow ratio of 2 percent
for each rotor, the results indicate that the turbine efficiency would
be no less than 0.903, compared with 0.922 for the uncooled turbine.

Lewls Research Center
National Aercnautics and Space Administration
Cleveland, Chio, July 24, 1959
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APPENDIX A
SYMBOLS
annular area, sq ft
specific hcat at comstant pressurc, Btu/{1b)(°F)

gravitational constant, 32.174 ft/sec?

total enthalpy, Btu/lb

total enthalpy, Btu/sec

mechanical equivalent of heat, 778.16 ft-1b/Btu
Mach number

rotational speed, rpm

total pressure, lb/sq ft unless otherwise specified

rating total pressure, static pressure plus velocity pressure
corresponding to axial component of velocity, in. Hg abs

static pressure, lb/sq ft unless otherwise specified
zas constant, 53.35 ft-1b/(1b)(°R)

total temperature, °R

static temperature, °R

rotor tip speed, ft/sec

velocity, ft/sec

air weight flow, 1b/sec

welght-flow parameter, based on products of equivalent weight
flow and eguivalent rotor speed

airflow angle measured from axis, deg

torque, ft-1b




18
Y ratio of specific heats
o) ratio of total pressure to NASA standard sea-level pressure of
2116 1b/sq £t
- Y. -
Y-l
T -

€ funetion of 7, YSI 2 7

e sl

Y -1
sl
YSZ + 1
[\ 2 |
n brake internal efficilency
ecr squared ratlio of critical velocity to critical velocity at NASA
YZI T eRT
standard sea-level temperature of 518.7° R, 5
sl opy,
YS.L + 1 sl

0 gas density, 1b/cu ft
Subscripts:
a cooling air
ac actual
g, turbine axis of rotation
c calculated
cr critical
e engine operating conditions
hub hub
id ideal
n net
sl NASA standard sea-level conditions

.‘g
r

223g-u
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turbine
rotor blade tip

cuter casing
turbine axial measuring stations (see fig. 1)

first stage
second stage
with first-stage cooling-air effusion

with second~stage cooling-air effusion

Geoese
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APPROXIMATE METHOD OF DETERMINING EQUIVALENT DESIGN CONDITIONS

Information on the effect of heat-capacity lag in turbine nozzles
presented in reference 8 indicates that, for some typical turbines used
in turbojet engines, the vibrational energy of the gas molecules is
unavailable in the expansion process. This condition corresponds to a
constant value of Yy of l.4. For this particular engine, however,
examination of the results of reference 8 indicates that the actual flow
processes may be more closely approximated by using the equilibrium value
of ¥ ‘%because of the high pressure level and increased length of the
flow path through the turbine. Consequently, an average equilibrium
value of ¥ = 1l.315 was selected as a representative value. This value
of ¥ was applied in the following methods of determining the turbine
equivalent design conditions shown on the performance curves.

Determination of Equivalent Weight Flow

By writing the equation of continuity in terms of the critical ve-
locity V.., area A.., and density Pops and solving for the critical

area, the following equation is obtained:

X
T-1

Wcrvcr L {7 + l)
= = B1
Acr Pg Y 2 (B1)

The critical area for turbine operating conditions is equated to the
critical area for NASA standard sea-level conditions at the turbine
inlet to obtain

Ve YSZ
Ye—l v YS?, -1
Wcrzevcrze ;L_(Ye + l) _ Yer,si'er,s1 31 (Tsl + i) (B2)
Pe Te 2 Ps1 Ys1 2

Solving for the critical weight flow at NASA standard sea-level conditions,
the following equation may be written:

AP02-"
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Te 7]
Te~1
e (v + 1\
W
. CT5€ Vor s1 Tsy 2 ) (83)
cr,sl Pe/PSZ Te YSZ
Vs171
rsz + 1
3 2 —d
Equation (B3) may be written as
W 6
_ Yer,e/NYr
Yer,s1 < R € (B4)

Figure 12 shows the variation of € as a function of 7.

Determination of Equivalent Work

The work output of a turbine rotor blade row may be expressed by
the following equation:

r-1
P i

- r R (X6 BS
B=nrog7 Tl (Pc,l> (BS)

Dividing equation (BS) by V.. and simplifying yield

y-1
P
H r+1 1 X,6
= =11 - |z B6
2 o Ve(r1) &7 (Pc 1) (6)
er ?
Equating Hsl/vir,sl for standard sea-level conditions to He/vgr,sl
for engine operating conditions gives
H H
st 2 (B7)
2 N
er,sl er,e

Combining equation (B7) with equation (B6) produces
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Ysl—l Ye-l
T T
v+ 1 P st Yo+ 1 P ©
S AR N R 91 STl W P (Y
st 2(7g;-1) &J Pe,1/s1 e 2(r.-1) & Pe 1je
(B8)
Assuming the turbine efficiency mn does not change, then
Vg7t Vel
¥ T
Yo, + 1 P sl Te + 1 P e
LEVERS PR 1) “fe Ik (89)
Tgp - 1 Pc,l s Te -1 Pc,l e

To preserve the equality of equation (B9) as ¥ changes, the pressure
ratio must vary. Figure 13 shows the variation of the ratio of the
pressure ratio at standard conditions to the pressure ratio at engine
operating conditions as a function of ¥ for various constant values
of each pressure ratio.
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APPENDIX C

DEVELOPMENT OF AIR-COOLED-TURBINE EFFICIENCY KQUAL'LONS

The ideal total turbine work output of an uncooled turbine can be
expressed as

-1

T
= P N Y (c1)
Abq 3a = Wpeply,mid - \F

c,l

The ideal work of the first-stage cooling air, herein defined as the
state change from the cooling-air entry as measured at (or near) the
axls of rotor rotation to the turbine-exit rating conditions, can be
written as

-1
P T
X,6
Aha,1,id = Va,(1)°pTa, (1),¢|1 - (%;_Zi7:§) (c2)
Py
Similarly, for the second stage,
-1
P i:
R - X, 6
Aha,II,1d = Wa,(Z)cpTa,(Z),% 1 m) (c3)
2 H

The net ideal turbine work, with first-stage-rotor cooling only, with
second-stage~rotor cooling only, and with both rotors cocoled, can be
expressed by the following three equations, respectively:

y-1 r-I

T T
Ahp T.1q = Wpe T 1 - EELQ W o T 1 - __Efzé__
n 1
» L, T p1,T P. 1 a,(1)"pa,(1),¢ P, (1),¢

c,

(c4)
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L r-1
. 3= Wme, T 1 - .6 + W e T 1 - _Fx6 !
Ahy 11,14= ¥pCpli,T 5 a,(2)%"a,(2),¢ 5
c,l a,(2),¢,
(Ccs)
Y1 - Y-1
An (q= Wwme Ty mlL - §§L§ ! +w e T T e '
n,I,II,ld TCp+1,T c,1 a,(l) P a,(l),i Pa,(l),g
.
- ,r—l
P i
X,6
+ Ve, (2)°pTa, (2), g |1 -(P—--’—a =5 ?D
b4 3
L
(cs)

Dividing the four ideal turbine work equations (egs. (Cl), (C4),
(C5), and (C6)) by 6,,. in order to obtain the turbine work in terms of
- equivalent conditions, and by the turbine air weight flow wp  in order
to obtain the work on a per pound of turbine air weight-flow basis
(Btu/lb), and combining terms, give the following ideal turbine work
equations:

v-1
P Y
(é§;> = cp(518.7) |1 - | X8 (c7)
Ocr/T,1d Pe,1
-1 I%i
P i 2
(éﬂ_) = cp(518. 7){ 1 - “%6 + Ja, (1) Ta,(1),¢ 1 - %56
6cr/T,n,1,1d Pol Wi T1,T Pa, (1),§
(c8)
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r-1
. T
(22 = cp(518.7) {|1 - (:’5’—6-\
\Yer/T,n,II,id - (I. \e,1) J
| o
¥a,(2) *a,(2),¢ { Px,6 \ 7
+ 1l - F——z—-
¥ Tl,T a,(Z),i)
(c9)
r-1
P T
(Al) = e (518 7)f [ 1 - | 222
®r/T,n,I,II,id c,1
[ T-17]
T
+ Wazgl[ Taiglzzg 1 - PXZG
i 1,T 2 e,(1),§ i
- =t
W T P T
+ a8,(2) "a,(2),§ 1 - [ %6
W Tl)T L. Pa’(z);% .
(c1o)

The net actual equivalent shaft work output of the turbine
(AH/ch)T,ac was, for both the uncooled- and the cooled-turbine configu-

rations, calculated in terms of equivalent operating conditions from the
expression

AR _ 2n N T/ 8y
(ecr)T, ac 60J (’\/ 9cr,T)(WT/\[9cr,T; ot (c11)

Turbine efficiency, then, for the various coolant-flow configurations
considered, defined as the ratio of actual equivalent turbine work to
ideal equivalent turbine work, can be summarized as follows:

For the uncooled turbine,

oot
Tp = 60J . ’\/ecr,T WT’\liecr,;‘éST (c12)
e e\ T
c,(518. 7) [1 - (ij—ﬂ ]
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For first-stage-rotor cooling only,

21 N /% >

_ 60J /Vecr,T WTﬁ/é;r,T/aT
nTyI - r-1 Y-1
P ¥ W T Y
Cp(518~7) 1 - §§L§ + Va,(1) Ta,(1),§ 1 - §_E§*§__
c,1 wip Ti,m a,(1),§,
(c13)
For second-stage-rotor coocling only,
2n N 1—‘/5T
_ 60J /\fecr,T WA ch;T/aT

e, 11 Izl T-1

P W T P T

ep(518. 7)Y |1 - §§L§  faa(2) a%(Z)Li 1 - ﬁ__izﬁ__
c,l RO 1,T a,(2),§,
(c14)

With both the first- and second-stage rotors being cooled simultaneously,
the turbine efficiency becomes

%(A/efr,T)(wT%T/E’T>

Y-l Uk L
C(Bae\T | L Ve TaGbel, L (Bae )\ |, ez T2l o (_Pus \T
ep (518.7) { |1 + 1 5 % 2
Pe,1 vp o Ty a,(1),8, “ip 1,T 2,(2),&

(c1s)
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TABLE T. - UNCOOLED-
Eguivalent | Turblue| Rating Turbine |Torgue, | Total temperatures, °R | Total pressures, in. Hg abs
speed, speed, total- welght r, e e
% design N, rpm pressure flow, ft-1b Tl T. P P P
¢, 3 6
ratio, W, ’
Pc,l/les 1b/sec
60 3027 1.299 35.86 947 699.9 34.90 27.08
3021 1.450 40.25 1498 700,70 34.9% 24.15
3023 1.697 43,23 2151 700, 4 34,000 20.56
3025 l 1.935 44.17 2593 699.9 34,05 18.04
3019 ¢ 2,766 44.51 3048 700.4 34.96 15.5
3022 2.544 & 44 .43 3354 702.7 34,095 | { 13,94
3019 2.883 | 44.60 3633 700.4 34,91 12.56
3008 3.177 44.68 3861 700.7 34,95 11.64
3021 3.418 44.61 4000 700.4 34.83 11.20
3021 3.714 44.55 4113 700.1 34.84 10.58
30202 3.732 44.58 4130 700.4 34.89 10.56
3019 ‘ 3.949 44.58 4195 700.4 34.87 10.28
3017 4.110 44.58 4238 700.4 34.85 10.12
- — S S — e | _ L I
70 3502 1.302 35.38 792 699.9 34.83 1 28.58 | 27.23
3531 1.461 39.72 1303 699.9 34,90 | 26.45 | 24,11
3527 1.697 42.88 1912 700.0 34.90 | 24.11 | 20.863
3526 21.930 43.91 2351 700.7 34.87 | 22.66 | 18.09
3524 2.292 44.50 2828 700.4 34.91 | 21.33 | 15.24
3511 2.567 44.33 3135 702.9 34.83 | 20.82 | 13.72
3519 2,871 44.65 3269 700.4 34.97 | 20.57 | 12.4
3526 3.186 44.57 3584 700.1 34.86 | 20.38 | 11.41
3530 3.449 44.53 3744 700.7 4.90 | 20.37 | 10.88
3529 3.732 44.55 3865 700.4 34.86 | 20.33 | 10.24
3527 3,733 44,52 3858 700.4 34.0% | 20.29 | 10.24
3525 3.956 44.58 3950 700.1 34.89 | 20.32 9.92
3526 4.177 44.56 3989 700.1 34.92 | 20.35 9.52
80 4031 1.320 35.09 645 699.6 34.88 | 28.52 | 27.29
4035 1.474 39.31 1118 700.1 34,88 | 26.33 | 24.14
4028 1.708 42,53 1702 699.8 34,87 | 23.74 | 20.60
4041 1.930 43.66 2109 700.7 34.87 22.13 18.18
4030 2.298 44.37 2597 700.4 34.95 | 20.78 | 15.27
4037 2.607 44.34 2918 702.9 34.93 | 20.25 | 13.49
4031 2,847 44,45 3100 700.4 34,90 | 19.91 | 12.47
4032 3.184 44.51 3331 700.4 34.87 | 19.71 | 1l1.28
4037 3.467 44.48 3494 700.4 34.88 | 19.62 | 10.52
4030 3.766 44.45 3626 700.4 34.84 | 19.60 9.68
4031 3.987 44.54 3702 700.1 34.95 | 19.64 9.41
4026 4.252 44.52 3744 700.4 34.87 | 19.63 8.96
30 45424_T 1.328 34,62 503 699.9 34.80 | 28,45 | 27.41
4531 1.490 28,97 955 700.3 34,93 26.29 24,25
4546 1.723 42,18 1493 700.2 34,94 | 23,74 | 20.68
4536 1.949 43.41 1895 699.9 34.90 21.95 18.15
4538 2.272 44.09 2325 699.9 34.87 | 20.16 | 15.45
4535 2.631 44.18 2691 702.4 34,92 | 19.31 | 13.33
4534 2.855 44.42 2869 700.4 34.94 | 19.09 | 12.35
| 4537 3.176 44.41 3086 700.4 34.87 { 18,89 | 11.15
4539 3.469 44.40 3250 700.4 34.90 18.84 10.43
4539 3.753 44.39 | 3368 699.9 34.87 | 18.79 9.88
14543 4.0°4 44.51 | 3457 700.4 34.95 | 18,77 9.20
4534 4.337 44.45 3510 700.1 34.91 | 18.81 5.80
100 5038 1.500 38.55 781 700.0 34.93 26.35 24,47
5039 1.733 41.85 1308 700.2 34,87 | 23.63 | 20.80
5040 1.960 43.12 1686 700.3 34.87 | 21.94 | 18.19
5036 2.287 43.93 2113 699.9 34.85 | 20,12 | 15.41
5040 2.631 44,10 2466 703.4 34.94 | 19.07 | 13.12
5039 2.853 44.28 2624 700.1 34,89 | 18.67 | 12.14
5041 3.201 44.22 2850 699.9 34,83 | 18.41 | 11.01
5040 3.478 44.30 3016 700.4 34.88 | 18.35 | 10.24
5040 3.763 44,31 3142 700.4 34.88 | 18,30 9.49
5041 4,045 44.37 3242 700.1 34.91 | 18.33 9.12
5036 4.416 44.29 3271 700.4 34.4 18.29 8.55
110 5539 1.498 38.22 626 £99.5 34.88 | 26.30 | 24.95
5539 1.756 41.59 1129 699.9 34.90 | 23.66 | 20.94
5545 1.971 42.98 1488 700.3
5543 2.301 43.72 1904 700.4
5551 2.643 44,07 2221 700.4
5547 2.841 44.05 2380 700.4
5536 3.217 44.14 2638 700.4
5541 3.507 44,18 2801 700.4
5541 3.788 [ 44.19 2918 700.4
5544 4.030 44.17 2995 700.4
| 5532 4.544 44,21 3051 700.4
120 8042 1.500 37.90 488 699.5
| 6045 1.760 41.20 955 700.2
8050 1.985 42.68 1303 700.3
8042 2.304 43,52 1705 700.4
8052 2.653 43,97 2021 700.4
6049 2.828 43.96 2167 700.4
8045 3.212 44.03 2412 700.1
6045 3.521 44,01 2580 700.4
8046 3.786 44 .32 2710 700.4
6044 4.043 44.06 2778 700.4
Jﬁ 43.99 | 2831 700.7
RS SN PR S (N S I
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TARLE 11, - TO0LKD-
(i) Conling in
€, | Total temporitures, “R | Total presusures, in. He abs | Coolant - ' Coolant
; ‘ — e - - e iniet
i T ! T. P P toratio, Lernrature,
! 1 % R 5 "
i Ta (1) Y (1),8,
i wp %R
| %
| - B 7
5045 SCTRS | 44,50 | 2u44 | 70001 | BPBLL b 34,97 | MRLan 11,09 | m—-em ] mmmem
5038 5.138 367
5031 5.113 5307
5033 5.105 36.7
5037 5. A7 S1s.3 | 34095 | 16030 | 1001 mememmm | —mm e
5034 5. .4 L5401
5041 5.443 700.9 533.7
5047 5.436 700.4 532.7
5037 5.749 704 34.94 14.36
5038 5.704 : 700G .4 34.89 19.95
5041 5L B9 30 700.4 34.87 19.60
5032 5.672 3073 700.7 34.92 19.18
5033 4.416 S264 ' 4992.4 34.89 13.31 8.0 | meeem
5035 4.321 3214 ; H01.1 34..91 18.91 8.748 3.2
5039 4.303 3194 i Lo 34.94 19.0% 8.41 4.304
5028 4.278 3114 . S02.7 34.93 19.19 8.7 5.049
5033 1.781 13434 699." 611.7 35.00 23.62 20,57 1 —eemm
5038 1.720 1231 £699.6 €13.3 34.902 “4.010 21.05 5450
5035 1.717 1199 699.4 613.2 34.92 24.19 21.04 6.7435
5037 1.706 1180 699.6 613.2 34.91 24.12 21.20 7.836
5036 1.702 11686 700.1 613.7 34.90 24.28 21.24 8.636
5035 2.028 43.53 1787 700.4 2 34.81 21.57 | 17.85% | —-===
5038 1.972 ?.32 1667 699.8 .7 34.8 pLRe L8 5.063
5043 1.9686 472 .04 1638 699.8 5490.7 34.97 0P.34 18.17 6.148
5041 1.960 41.90 1622 700.2 530.7 34.93 22.53 18.2 6.998
5038 1.947 41.69 1611 700.7 591.6 34.86 22.50 18.26 7.707
5038 2.277 44.01 2096 700.4 570.2 34,91 20.37 15.54
5032 2.209 43.26 1987 700.4 572.8 34.94 21.12 16.06
5041 2.182 42.88 1960 700.3 573.8 34.92 21.14 16.24
5038 2.182 Q.87 1938 £99.8 $73.8 34.93 21.20 16.24
5036 2.180 42,53 1922 699.7 574.8 34.93 21.40 16.27
5042 ?.6086 44.18 2430 700.7 650.8 34.89 19.19 13.68L | ==m-- | mmeee
5039 2.574 43,57 2384 700.2 550.9 34.88 19.86 15.66 4.916 LaR LT
5039 2.562 435.351 2344 700.2 552.5 34.84 20.05 .69 6.072 H45.7
5032 2.585 43.17 2331 £699.8 452.56 34.88 : 6 : -1
5031 2.528 42.99 2314 700.4 554.0 34.84 7 546.7
i
5034 2.899 44,357 2850 700.4 | .9 34,92
5032 2.852 43.68 2602 699.8 .8 54.93
5037 2.828 43.43 2572 700.5% 9.7 34.89
5036 2.801 43.07 2542 700.3 540.8 34.78
5035 2.795% 43.11 2523 699.8 540.7 34.87
5044 3.200 44,36 2851 700.4 5 34.91
5036 3.088 43.62 2752 700.4 [ 34.92
5040 3.0586 43.47 2722 700.0 2 34.30
5038 5.047 43,29 2710 700.4 1 34.86
5036 5.071 43.2 2707 700.3 3 34.92
5037 3.542 44.78 3048 513.3 34.85
5039 3.480 43.62 2975 515.6 34.87
5036 3.464 2968 516.1 34.88
5037 3.444 2947 £16.6 34.
8036 3.444 2931 516.8 34.92
5037 5.761 44.35 3143 506.9
5036 5,679 43.70 3067 H510.1
5032 5.647 43,450 3046 610.9
5029 : 39 44,47 3077 £11.3
! 50%F 53¢ 43,00 3007 5i1.6
| 5036 5220 H01.4
5044 3018 502.0
5034 3145 H04.9
5040 3141 5 2
5035 3100
5531 ERITR}
5229 GIOTEN
L0486 3264
5038 B1Hn
5034 3164
5042 3139
5 31w
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static pressures, In. Hg a

P2, hab Pz tip | P4, nub Ps hub

68,14

Ak DT
6D M W

o U1
oo Ot

~3 e a0

(RO ES

13.16 |1

14.58 | 23.27 | 15.59

16.78 | 24.36 | 17.25 13.44

17.30 | 24.58 | 17.4¢ 13.44

17.59 |24.94 |17.84 13.50

14.26 [ 23.1n | Q.4 i s.23

1 P4.27 | 17.13 1 2.30

17.1 24.56 | 17.30 1 5.25

17.45 | 24.83 | 17.44 1z 2.32
1 5,04
1 4.18 i
1 2,18 :
1 8.12

@

-1

o b

4 |
[ :
L4 :
4 | &
3
EERR Y 13.53
19.05 1 19.93
19019 11 19.95
13.25 |1 25.10
9.8 11 20.14
15.02 | 16.33 | 16.10 | 16.53
16.35 |16.74 | 16.5 17.00
16.50 | 18.90 | 16.68 7.13
16,55 116.95 | 16.7 17.14
16.54 |16.35 | 16.73 |17.23
;
i
1R.44 57 41 14.0 14.18 | 14
19.47 7.95 | 1a. 14.55 | 14.68 14
19.43 | 17.77 |14 14.76 15
19.56 | 17.75 | 14 15
12.80 | 17.85 | 14. 15
? 12.38
i I2ias T
12 12
1z 12
12, 12

1 25.22 10.8% 13.27 10,41 1078 10.R5%
1 24.93 10.5¢ 13.52 10.41 10.39 12.94
1 25.25 10.58 13.60 10.48 10.96 11.04
1 25.50 10.€61 15.563 10.49 11.07 11.13
1 25.70 10.65 13.70 10.82 11.12 11.17
9.44 12.52 8.80 9.51 2.53
9.65 13.06 2.30 9.86 9.87
9.60 13.05 9.25 9.96 9.98
9.59 13.11 9.36 3.98 9.99
9.54 13.16 9.27 9.86 9.89
8.956 i2.16 7.35 8.31 8.26
8.57 12.54 7.43 8.39 8.35
8.57 1i2.61 7.486 8.43 8.38
8.62 12.71 8 7.52 8.47 6.41
8.67 12.75 8.25 7.57 8.45 8.44
8.29 12.05 7.44 6.47 7.62 7.59
5.39 12.47 7.63 6.67 7.71 7.69
8.47 12.56 7.70 £.80 7.80 7.78
8.50 12.5 7.67 §.79 7.7 7.78
.59 12.59 7.82 6.94 7.55 7.55
22.08 14.453 2.19 12.01 6.71 5.38 5 a.r
14 192 6.62 5.35 6. &.
4 14. & 12.36 .66 5.46 & 6.6
O 1 3 6.74 5.44 3 ]
8 1 2 6.73 S.04 & €
41 1 2.46 £.94 5.76 7 5.
o 1 .04 7.04 5.94 7 7
. 9 16.28 14.8 .13 11.98 4.18 35.41 5.52 5.7
17.45 2 17.37 14.38 3.38 12.46 4.18 3.22 5.64 9
17.81 & 17.6C 14.28 8.44 12.52 4.21 3.58 £.71 5.99
13.11 o] 15.01 3 iz.62 4.17 3.32 S$.735 5.99
18.34 3 . 15.22 5 iz2.62 24.1% 3.20 5.78 6.08
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® TABLE IT. - Cuntinued., COOLLD-
(b) Ceoling in second
Turbine Rating Turbine | Torque, | Total temperatures, ORr | Total pressures, in. Hg abs | Coolant- Coolant
speed, “otal- 1 T, - — flow inlet
N, rpm prei§uxw fe-1lb T1 Td Pc,l P5 PE ra‘tio, LF perature,
ratr Ya, () fa,(2),¢,
Pc,l/Px,U 1b/sec Wy R
% S E— _
£o4z 2 700.1 34.45 1:.07 | =----
5039 7 2 700.1 34.91 12.46 5.184
£033 2.829 44.10 2557 700.4 34.91 12.52 4.073
5038 2.801 44.07 2527 700.4 34,87 12.63 4,606
5033 3.206 44.11 2859 700.4 34.91 11.04 | -----
5034 3.143 44.14 275 £39.9 34.89 11.20 3.11%
5037 3.127 44,12 2769 700.1 528 34.83 11.25 4,057
5033 3.118 44.18 2741 700.9 531.2 34 .89 11.51 4,871
5034 3.530 44.35 3041 700.4 514.5 34.95 18.51 10.09 | ---== |  —-==-
5038 3.461 44.14 2970 700.7 517.1 34.89 18.55 10.26 3.147 L19.7
5038 3.435 44.12 2943 700.9 S19.2 34,83 18.69 10.32 4.096 519.7
5038 3.407 44.1¢6 2921 706.9 520.6 34.89 18.74 10.41 > 519.7
5037 3.745 44.39 3133 700.1 507.3 35.05 11,45 9.57 | --——= | @ -=-=-
5034 3.655 44.24 3052 £699.9 34 .87 18.58 9.91 3.339 520.7
5034 3.623 44.26 3033 700.4 34.93 18.60 9.948 4.270 529.7
5034 3.597 44.19 3013 706G.4 34.96 18.72 10.09 4.958 534.7
5033 4,429 44 .35 3260 699.9 499.6 34.99 18.45 8.56 | ----- | -====
5039 4.286 44.37 3200 700.9 504.7 35.02 18.63 8.86 3.315 530.7
5036 4.243 44.26 3173 700.9 506.7 34.96 18.64 8.92 4.234 525.7
5027 4,210 44,25 3148 700.1 507.2 34.94 2,65 3.00 5.00¢6 52407
5039 1.750 41,93 1340 699.9 612.3 35.00 23.65 20.74 | ----= 1 --——=
5037 1.690 41.00 1167 699.2 616.8 34.82 24.29 21.40 550.1
5033 1.679 40.76 1139 699.7 618.2 34.85 24.47 21.49 H48.1
5038 1.669 40,72 1107 700.2 619.3 34.90 24.63 21.67 Has.9
5036 1.999 43.20 1754 700.9 583,98 34.90 »l.76 17.84 | —-——— |  —====
5036 1.9386 42.66 1600 700.3 595.3 24.86 22.44 18.50 5.319 LALLY
5034 1.917 42.53 1568 700.6 596.7 34.79 22.56 18.59 6.685 L4445
5035 1.907 42.50 1536 700.7 588.1 34.86 22.70 18.75 7.664 H43.9
5035 2.296 43.99 2129 700.7 569.2 35.03 20.21 15.43 | ----- | —==--
5038 2.203 43.55 1972 699.9 574.8 34.88 20.91 16.09 5.300 54,9
5033 2.189 43.52 1946 699.9 576.8 34.88 21.00 16.20 6.510 941.9
5033 2.178 43.44 1918 699.9 577.6 34.91 21.08 16.36 7.449 $40.5
5038 2.571 44.30 2413 699.9 552.3 34.91 19.26 13.76  } —-=-=-
5033 2.468 44,00 2255 700.9 S560.5 34.91 19.73 14.33 H.412
5029 2.439 43.96 2228 700.4 561.6 34.82 20.00 14.41 6,449
5033 2.426 43.94 2206 699.4 562.0 54.98 20.11 14.61 7.349
5035 2.880 44.42 2663 700.1 557.9 54.95 14.69 12,28} —==e= ] —=e==
50356 2.759 44,17 2514 100.4 546.3 34.90 19.20 12.79 5.161 638.5
5036 2.727 44.19 2463 700.1 543.6 34,95 19.33 12.97 6.427 538.1
5036 2.683 44.11 2430 700.7 550.2 34.90 19.45 13.12 7.338 538.5
5040 3.189 44.38 2909 700.4 525.9 34.95 18.47 11.03 | ==-== | —-e==
5046 3.223 44.53 2884 700.4 525.0 34.97 18,40 10.91 | ~----
5033 3.091 44.27 2753 700.1 531.58 34.96 18.6 11.41 5.261
5032 3.048 44.21 2713 £699.7 533.7 34.87 18.87 11.59 6.460 D
5038 2.994 44.18 2664 699.9 536.2 34.85 168,93 11.78 7.374 529.7
5039 3.467 44.34 3032 700.1 515.9 34.95 18.42 10.27 | —--e= | ===
5036 3.354 44.19 2896 699.7 522.6 34.81 18.65 10.53 5,175 529.5
5031 3.332 44.18 2876 700.1 524.6 34.89 18.75 10.61 6.474 527.7
5038 3.314 44 .24 2851 700.1 525.6 34.93 1,80 10.70 7.396 527.5
5036 3.727 44.28 3138 700.1 507.8 34.96
5030 3.592 44.21 3013 700.7 515.3 34.84
5024 3.577 44.20 2990 700.4 517.5 34,91
5046 3.519 44.28 2955 700.4 5183.7 34.91
5038 4.076 44.45 3237 700.1 501.5 z4.37
5030 3.931 44.23 3123 700.1 509.1 54.31
5036 3.874 44 .27 3074 700.1 510.9 34.87
5032 3.859 44.22 3058 700.9 512.9 34.92
4.433 44 .50 3281 700.7 34.98
4,015 44.13 3156 70,9 34.90
4.150 44.15 3115 7004 34.86
4.090 44.18 3101 700.4 24.89

MR T
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rotor only
Coolant Casing static pressures, in. Hg abs
pressure,
P.(z D . ¢
a,(2),t, 1,mub ] P1,ttp] P2,mun| P2, tip) Pa,nun | 3,0ip | Ca,run| Pa,51p | Fs,nub | U5, tap Pe,run | Ps,tip
in. Hg abs
----- 14.58 23.22 16.61 15.17 10.56 13.13 10.38 10.16 10.63 16.68
28.88 15.24 23.44 16.92 15.54 11.29 13.83 10.61 10.41 10.93 10.94
36.96 15.43 23.493 17.01 15.70 11.58 14.03 10.80 10.43 11.04 11.00
43.38 15.58 23.54 17.08 15.79 11.85 14.21 10.70 10.54 11.14 11.10
----- 14.30 23.16 14.90 9.4¢€ 12.56 9.14 8.70 9.51 §.54
28.19 14.78 23.30 5.16 10.09 13.21 9.29 8.90 9.68 9.61
36.80 14.91 23.33 15.2% 10.38 13.42 9.29 5.97 9.73 a.61
3.87 15.08 23.39 15.3% 10.€8 13.58 3.28 9.05 9.76 9.61
14.24 23.19 a.65 i2.z8 8.08 7.38 8.35 B8.32
14.58 23.23 9.43 1z2.92 8.14 7.48 8.51 8.39
14.39 23.24 9.71 13.10 8.11 7.%59 8.57 8.41
14.86 23.35 9.98 13.31 5.18 7.78 5.87 3.49
14.24 23.24 16.47 3.33 12.15 6.47 7.71 7.68
14.56 23.24 16.56 g.21 12.83 £.73 7.85 T.72
14.70 23.32 16.58 9.62 13.09 £.88 7.95 7.77
14.87 23.41 16.63 9.89 13.31 6.98 8.06 7.80
————— 14.25 23.22 16.47 14.34 8.18 12.08 3.02 5.57 5.76
30.27 14.83 23.36 16.61 5.04 9.10 12.83 3.22 5.82 5.84
38.41 14.71 23.35 16.64 15.09 9.46 13.05 3.01 5.88 5.86
45.35 14.82 23.35 16.65 15,17 9.75% 13.24 3.25 5.96 5.87
————— 21.08 26.74 22.15 21.80 19.36 20.46 18.79 19.34 18.94 19.65
48.74 22.04 27.25% 22.90 22.53 20.59 21.55 19.30 20.07 19.53 20.21
59.98 22.28 27.39 23.09 22.70 20.95 21.82 19.43 20.13 19.67 20.36
69.20 22.58 27.60 23.26 22.98 21.31 22.086 19.57 20.24 19.82 20.49
————— 18.59 25.24 20.01 19.23 16.65 17.94 16.12 16.52 16.38 16.85
47.30 19.52 25.82 20.82 20.07 17.84 18.99 16.65 17.10 16.92 17.32
539.23 19.70 25.88 20.89 20.19 18.22 19.24 16.68 17.13 17.08 17.42
67.66 19.93 26.06 21.13 20.40 18.53 19.48 16.75 17.17 17.20 17.54
————— 17.08 24 .32 18.46 17.55 14.33 15.85 13.94 14.04 14.14 14.43
48.03 17.77 24.70 19.16 18.23 15.54 16.95 14.33 14.54 14.71 14.88
58.91 17.980 24.78 19.21 18.32 15.85 17.18 14.32 14.53 14.80 14.97
67.23 .18.02 24.86 19.30 18.45 16.13 17.38 14.37 14.65 14.391 15.02
18.52 23.48 17.25 16.02 12.34 14.23 12.10 12.06 12.38 12.56
16.49 24.00 17.39 16.30 13.79 15.52 12.43 12.5€6 12.95 i2.97
16.77 24.11 18.12 17.1 14.05 15.70 12.47 12.60 13.09 13.07
17.905 24.289 13.27 17.32 14.40 15.97 12.57 12.83 13.22 13.21
————— 14.50 23.24 16.62 15,186 10.77 13.16 10.57 10.39 10.86 10.33
47,17 15.83 23.63 17.17 15.90 12.24 14.42 10.79 10.83 11.33 11.30
58.83 15.79 23.71 17.39 16.17 12.63 14.72 10.98 11.02 11.53 11.41
67.11 15.95 23.79 17.48 1€6.36 12.85 14.96 16.99 11.03 11.72 11.59
————— 14.18 23.18 16.41 14.84 9.39 12.48 2.10 8.76 9.54 9.61
14.21 23.16 16.39 14.83 8.37 12.50 9.04 8.64 9.42 9.47
15.67 23.41 16.77 15.34 10.89 13.69 9.32 3.18 9.89 9.71
. 15.22 23.38 16.78 15.45 11.22 13.82 3.29 9.21 10.02 3.80
67.01 15.45 23.48 16.91 15.63 11.54 14.12 9.38 9.35 10.23 9.9%
————— 14.13 23.10 16.32 14.72 8.62 12.17 8.09 7.55 8.56 8.55
47.03 14.81 23.27 16.60 15.10 10.10 13.33 8.21 7.89 8.85 8.61
58.72 15.04 23.31 16.65 15.27 10.48 13.63 8.18 7.99 8.92 B8.64
67.17 33.70 33.56 15.20 23.43 16.79 15.40 10.85 13.84 8.19 8.06 8.98 8.66
————— 33.76 33.55 14.11 23.12 16.31 14.71 8.32 12.07 7.42 6.53 7.75 7.74
47.56 33.62 33.44 14.72 23.29 16.56 £.06 9.84 13.25 7.42 6.96 8.01 7.74
58.82 33.68 33.54 14.93 23.36 16.74 15.26 10.26 13.56 7.44 7.10 8.07 7.74
85.74 33.68 33.52 15.20 23.43 16.79 15.34 10.5 13.73 7.41 7.13 8.23 7.89
33.74 14.08 23.12 16.28 14.70 8.17 12.02 6.55 5.21 6.68 6.69
54 33.67 14.71 23.2¢ 16.59 15.06 9.74 13.21 6.48 5.76 6.94 6.67
8.83% 33.64 33.49 14.82 23.31 16.68 15.20 10.16 13.51 6.40 5.76 7.05 6.70
§7.23 33.639 33.54 5.08 23.40 16.77 15.24 10.44 13.71 6.31 5.72 7.08 6.70
————— 33.76 33.58 14.05 23.12 16.32 14.70 8.18 12.01 4.35 3.00 5.49 5.75
47.38 32.687 33.53 14.71 23.27 16.560 5.08 9.72 13.19 4.66 2.94 5.90 5.84
58.91 33.62 Z.49 14.94 23.32 16.69 15.21 10.04 13.43 4.47 2.80 6.05 5.88
87.37 33.65 33.50 15.10 23.36 16.75 15.30 10.39 13.67 4.47 2.84 6.17 6.01
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TABLE II. - Concluded. COOLED-
(¢c) Cooling
Tuebine | Rating | Turbine | Torque, |Total temperatures, V% [Tolal procaars, fn. fe abs | Conlanb—flow ratio, & |coolant Tnlet temperature, i)
speed, total- welight r, - - - i
W, rpm | pressure | flow, rilin L g L. b, Ta, (13,8 | Ta,(2) .4
ratlo, Wiy
1b/s500
HOAE0 44,04 TETY 700.1 536.6 i R PR LT: N B S S DOR N I A E T Ny
5051 2394 700.0 | 548.0 {0 s4.nd LEs.T | :
5041 27309 /00.3 | 551.6 2492 sact ‘
5030 2547 £99.9 651.3 RIS HEIT : H
5029 3 i /00.4 | 525.5 3486 .
5034 ? H £39.9 S33.8 34.89 \ h33.7
5007 2 260 0.7 | 539.3 34,95 | 19l ' 53007
5044 2 2ho4 599.9 | 539.3 $4.90 | 19.6m i | ooallv
H 1
5035 3 RIS 100.9 515.0 34,935 14,33 | 10,12 0 —--—- | ——--— {1 meeas " *****
SO0G 3.2 SHLO 700.1 527.7 34008 19.34 | H39.7 ' 541.7
5030 3 pre 700.4 | 527.5 24,86 | 19.44 ; ©40.7 542.7
5040 3. 27491 700.4 527.9 34.94 19.87 | L41.7 542.7
5040 5.713 3113 699.9 | s07.8 sa.85 | 18.33 | 9.56 | —oooo | ooomo 1 ol | —eoan
H039 3.447 oR92 [ 700.9 521.7 19.248 10.44 3.171 T.269 540.7 542.7
5053 5.421 pHnA 699.3 | 5°1.6 34.92 | 19.44 | 10.50 4.057 72140 540.7 542.7
5060 3.414 266! 700.4 | S22.0 44.9% | 19050 | 10,98 4757 | 7.067 540.7 541.7
5036 4.433 44,10 3260 700.4 A99.5 | 34.9% | 18.34 | 8.5%3 | ame—oo | oo | eeeee | —mmee
5043 4.089 43.41 3058 699.9 | 512.1 3.143 | 7.268 5387 540.7
5044 4.036 45.54 | 5040 700.1 | 512.0 4.068 | 7.159 5381 540.7
50354 4.014 45,59 | 300m 700.4 | 512.8 4,765 7,070 538.7 539.7
5043 2639 700.9 538.5 ] 34.90 | 1#.66 7 12,20 1 eeeen | mmeee L e e
5040 2564 693.8 548.8 7008 537 530.7
5036 0344 700.3 | 549.7 6,008 528.7 529.7
5033 2538 700.8 | 543.7 6.8L3 5247 529.7
5037 pa0T 006 | 0458 6.788 5287 529.7
2871 700.4 | 525.1 | 34.95 | 1%.43 | 10.92 | cemm- | ooooee oLl
24573 700.3 | 538.0 527.7 528.7
2489 700.4 536.7 s21.7 528.7
2561 100.4 | 538.3 527.7 528.7
5033 ot 700.8 | 538.8 527.7 528.7
50354 3.480 44.44 | 3020 700.4 | s516.2 24,97 | 14,41 | 10.20 | ceooe | cooos [
5036 3.199 15.55 | 2752 700.3 | 528.0 34.95 | 19.57 | 10.95 4.948 | 7.009 : 528.7
5051 ENS) 43.335 | 2733 700.4 | 528.3 34.80 | 19.67 | 11.03 5.758 | 6.903 527.7
5035 3.171 43.35 | 2725 700.6 | 528.5 s4.94 | 19.80 | 11.07 6.265 | 6.808 527.7
5036 3.162 43.17 | 2719 700.9 | 529.0 34.94 | 13.89 | 11.11 6.794 | 6.718 527.7
5041 5.729 44,44 | 3133 700.4 | 507.3 34.90 | 18,40 | w.e2 | oooo Lo | oo ) o
$037 3.440 44.49 | 2ns7 700.1 | 519.0 34,92 | 19004 4.878 | 6.855 526.7 528.7
5034 3.439 43.36 | 2874 700.6 | 519.8 34.87 5.743 | 6.896 526.7 527.7
5033 3.455 43.19 | 2877 700.6 | 519.5 34.96 6.251 6.830 526.7 527.7
5039 3.439 43.16 | 2866 700.6 | 519.8 34.94 6.789 | £.719 526.7 527.7
5039 4.342 1445 | 3080 700.7 | 501.5 34.95 | 18.42 | 8.57 | eeemo {oeoom | comeo | aaos
5036 3.979 43.50 | 3012 700.3 | 512.8 34.86 526.7 527.7
5035 3.945 43.51 | 3009 700.6 | 513.2 34, 525.7 526.7
5044 3.952 43.26 | 2995 700.8 | 512.4 34.90 5257 526.7
5036 3.919 43.18 | 298% 700.3 | 513.6 34.88 5267 526.7

-y T
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TURBINZ PERFORMANCE DATA

in both rotors

L 2 2 )
.e
coe Taa’

Coolant pressure, in. Hg abs

Casing static pressures, in. Hg abs

v T ! f
Pa,(1),t | Fa,(2),¢ 1, hub !pl,tlp 1P2,mu0 | P2, 010 | P3,nab | P3,01p | Pa,bun| Pa,e1p | Ps e “ Prrip | s,t1p
:
;
__________ 14.52 | 23.15 | 16.58 13.15 10.6¢
31.87 66.30 1752 |22.72 | 17.96 15116 1158
57.79 65.02 17.91 |25012 {1el1s 15.23 11083
1259 65.98 1809 |25.30 | 18124 1522 1185
----- 14.20 12313 [18.4n 12.54 9.49
31.62 17.32 |2tles |17.57 1439 10013
37072 17,61 |24.99 | 17.83 1443 10.21
42058 17088 l2slzz |17.95 1464 i0.24
---------- 14.15 |23.15 | 16.36 12.19 8.37
31.51 66.28 17.17 24.55 17.44 14.06 8.74
37.48 64.91 17250 |24.84 |17.64 1407 8.78
FERT 63.98 17079 2514 | 17.82 116 8.83
..... i 14.09 §23.07 | 16.3 12.05
31.75 17.20 124.85 |17.33 13,36
5753 17054 24,87 | 17.54 1201
12030 1779 {2532 | 17.77 408
---------- 14.07 2321 |18.3 12.00
21.63 66.1 17.23 24 .81 17.448 13.91
37.48 64.75 1759 |24.30 |17.60 13195
12024 83.72 17,79 125.12 [17.76 1385
---------- 14.59 | 23.16 | 16.73 13.21 10.92
43.319 62.58 18.12 25.38 18.30 15.12 11.63
13029 61.53 18140 {2586 |18l41 1501 11074
53.91 60.67 16.54 | 25.76 |18.50 1511 175
58.35 59.78 1gi72 2501 |18lel 15208 11.60
----- 14.19 [ 25.13 |16.41 12.54 9.52
62.82 17.91 125.19 |17.96 jal4a 10.25
61.71 18016 |25.46 |18.10 1al41 10017
60.49 18.33 25.66 18.23 14.49 10.29
59.50 18.46 25.73 18.26 14.49 10.36
R — 14.14 {238 |16.41 12.20 8.54
42.78 62.70 17187 |25.13 |17.88 18012 .01
4958 51.40 18.03 |25.35 |17.95 14013 507
53.91 60.77 16.28 |25.60 |18.10 14118 9.2
58.23 | 59.54 18ls2 |25.75 {1e.22 |15.74 |10.69 | 1419 9.8
---------- 14.12 |23.12 |18.41 |14.79 | 8.31 | 12.09 7.68
13.09 62.68 17.82 {25.13 {17.80 | 15.62 |10.43 | 14.03 7097
490a2 £1.38 18l00 125040 17004 11258 {10738 | 14l01 8.05
s3.62 | 60.57 18.20 {25.55 | 1B.02 | 15.61 |1C.32 | 14.05 8.03
5818 | 59.54 18.39 |25.73 |18.14 |15.66 |10.28 | 14.0% 8.07
—————————— 14.08 |23.13 |16.39 |14.78 | 85.16 | 12.09 5.97
43.09 | 62.62 17.79 |25.09 |17.73 |1s5.38 |10.22 | 13lss 6.13
4a.39 62.15 18006 [25.43 |17.96 | 1565 |10.23 | 14.00 .24
53.75 61.16 18.20 |25.53 |18.02 |15.60 | 10.13 | 14.01 6.24
5852 60.10 18.37 |2sis6 |18.11 |1s.68 |10.19 | 14.02 631




k-222

[ 3 3 ¢ ) t
*UOTTBAUSUNIGSUT puR ATQUSSSB SUTQING JO WBIBBIP OT1BWAYDIS - T 9Jnd1A
STROS YJUTJILU®
m@ﬁmmlaow 1 m,
- T - i N- - \ / B - - o T T - - B
\ NS S A A%
o ’ 4
R ’ 2 7
10 R B /// N
seces NS NS =
00 3 N = Ssm——
‘ = ///% //
A3 ! / \
Y . 1SNBYUXH - = 2

| |
\ 1
p—
_ _ MOTJATV N N
. |
| |
. |
: R - AN
o ] anus amus ° ] w m | ® Z A G AT
L ] v
HERR Td d 0 _ _ ° _ (0} = UsaJI0g
eeoose = X ® [ ] X [ ] X
! : ! ) ' ! IoU2qYFTBILS
"cuoc 9 S 4 ¢ 2 T MOTG
* uoTyEB}S uoT3els
(XXX N ] 18T3In0 4aTul
LA XN X ]
HE
XXX Y} sanjexsdus] ©
LR = < sansssad 213838 @
‘ » aansssad T80T X
A1ddns A1ddns
ITB-qUBTO0D  JITB-3UBTO0D
28€q18-1SaTd ©88B3S-PUOISS
[Je]
e}

<« ¥,




[
N

& qaruy

MOTJ=qUBTO0D
83Bq.9~puovagy
S L. AT UL
MOTJ=qUBTO0D

8dwvye~18aT 0

CATQUess® JI030X SUTQANT, -

‘9 2andTd




. . 9 Py 4
L] L] [ L] LR X J [ X J
..: ..: : ..: : ... .. L] e o o ® o ¢
* o *e O ee o L *o® o &
58 ¢ o e o e o o e o o
e® oe¢eo o * e LR 2 ¢ © o oo L] o0e (2]
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Rotor blade

Cutaway of rotor blade tip
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Figure 3. - Closeup of rotor blade tips.
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CD-6

Equivalent torque, g% e, ft-1b

A o T
200 Equiv?;ggg’POtOY N “1
35 Z ;\v //b//&’ =~ y
3200 v 90 /d n//tr /Q :
. i AP T
— yd /d/ /:/ P o e
pa /}*/ ] o
240 / n/ //”v/ // h//a/ -
R avedses
N X A
/ 7V
ey Wiz
/Y 4 9%
A
e
8O0 ;,/ ‘/Z/{/
S//4)
Kt

Over-all rating total-pressure ratio, P /P .
c,1/ " x,6

igure 6. - Variation of eguivalent torqgue with over-all rating total-pressure ratio for con-
stant valuss of equivalent rotor speed and no coolant flow, Turbine-inlet pressure, 30
inches of mercury absolute; turbine-inlet temperature, 70L° R.
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